We show that an inducible rpoS antisense RNA complementary to the rpoS message can inhibit expression of RpoS in both exponential and stationary phases and can attenuate expression of the rpoS regulon in Escherichia coli. Plasmids containing rpoS antisense DNA expressed under the control of the T7lac promoter and T7 RNA polymerase were constructed, and expression of the rpoS antisense RNA was optimized in the pET expression system. rpoS antisense RNA levels could be manipulated to effectively control the expression of RpoS and RpoS-dependent genes. RpoS expression was inhibited by the expression of rpoS antisense RNA in both exponential and stationary phases in E. coli. RpoS-dependent catalase HPII was also downregulated, as determined by catalase activity assays and with native polyacrylamide gels stained for catalase. Induced RpoS antisense expression also reduced the level of RpoS-dependent glycogen synthesis. These results demonstrate that controlled expression of antisense RNA can be used to attenuate expression of a regulator required for the expression of host adaptation functions and may offer a basis for designing effective antimicrobial agents.
Naturally occurring antisense RNA can be an important regulator of gene expression in eukaryotic cells (53) and bacterial cells (35) by either blocking ribosome binding (13) or reducing mRNA stability (14, 16) . Antisense RNA technology has successfully been used to manipulate gene expression in bacteria (17, 18, 38 ; for a review, see reference 56) . For example, mar antisense RNA can inhibit expression of the multiple-antibiotic resistance (mar) operon in Escherichia coli (58) , thus increasing the sensitivity of the cell to antibiotics. Expression of an hla antisense RNA inhibits alpha-toxin production in Staphylococcus aureus and thereby attenuates virulence (24) . Antisense RNAs have also been used to manipulate metabolism in Clostridium acetobutylicum (14) , Enterococcus faecalis (55) , and Penicillium chrysogenum (60) . Selectively expressed antisense RNA can effectively inhibit the growth of bacteriophage (51, 57) .
RpoS ( s ) is an alternative sigma subunit of bacterial RNA polymerase (23, 54) . In response to environmental stress and nutrient starvation, RpoS mediates increases in the levels of expression of many genes (19) . RpoS-dependent genes such as katE, which encodes catalase HPII, are induced to help the cell survive in stationary phase and during entry into stationary phase (33, 36, 44) . Expression of the monocistronic gene glgS, required for glycogen synthesis, is also stimulated by RpoS (20, 32) . rpoS mutants have a glycogen-negative phenotype (29) , and overexpression of glgS stimulates excess glycogen synthesis in early stationary phase (20) . Stationary-phase cells are resistant to multiple environmental stresses and undergo changes in cell morphology and physiology; thus, entry into stationary phase is accompanied by changes in gene expression and protein synthesis (28) . Many factors regulate the expression of rpoS at the levels of transcription, translation, and protein stability (for a review, see reference 19) . At the translational level, both positive and negative regulators have been identified. The small untranslated RNA OxyS (61) represses RpoS, while the small untranslated RNAs DsrA (35) and RprA (34) activate RpoS. The histone-like protein H-NS (4) and the LysR-like regulator LeuO (25) repress RpoS, but host factor HF-1 (61) and histone-like protein HU (3) activate RpoS. At the posttranslational level, the protease ClpPX (46) , the response regulator RssB (5) , and the chaperonin DnaK (40) negatively regulate RpoS stability. Posttranslational protein degradation has a major effect on RpoS levels during the course of growth (46, 47) . The net consequence of these controls is low exponential-phase levels of RpoS, but during the transition to stationary phase, the levels increase and remain high (46) . RpoS is an attractive target for new antimicrobial strategies because this regulator controls many genes that are likely important for adaptation to the host environment, including catalase HPII. Furthermore, RpoS is well suited as a target for antisense RNA because it controls a large regulon, ablation of its action can be easily assessed by several means, and finally, natural antisense RNA regulators are known to inhibit translation of RpoS.
The primary goal of this study was to block rpoS expression by using plasmid-encoded, inducible rpoS antisense RNA. RpoS was chosen as a target because it controls a large regulon, has well-established effects on the phenotype of the cell, and is a pathogenicity factor. Our hypothesis is that an rpoS antisense RNA complementary to rpoS mRNA could inhibit RpoS function and attenuate expression of the rpoS regulon in E. coli. The efficacy of antisense RNA was evaluated by measuring the expression of RpoS-dependent catalase HPII and glycogen. The results indicate that the expression of the RpoS regulon in E. coli can be effectively modulated by antisense RNA.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The bacterial strains used and constructed in this study are listed in Table 1 . The plasmids used and constructed in this study are listed in Table 2 . Luria-Bertani (LB) liquid and solid media were prepared as described by Miller (37) . For glycogen tests, E. coli strains were grown on Kornberg medium agar plates to allow maximal glycogen synthesis (20, 41) . All strains were grown in LB broth containing the appropriate antibiotics in a shaker at 200 rpm and 37°C.
Selection of DE3 lysogens expressing the T7 RNA polymerase gene. To make an expression host for the pET expression system, a phage lambda derivative (DE3) carrying the T7 RNA polymerase gene under the control of an isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible lacUV5 promoter (15, 50) was integrated into the E. coli chromosome. A kit for lysogenization and verification of the presence of DE3 (Invitrogen, Mississauga, Ontario, Canada) was used according to the instructions of the manufacturer. A T7 (RNA polymerasenegative) tester phage that can lyse cells only when it is supplied with T7 polymerase was used to confirm the successful integration of the T7 RNA polymerase-expressing phage. Both rpoS-positive and rpoS-negative lysogenic expression hosts were constructed.
Plasmid and genomic DNA isolation, manipulation, and transformation. E. coli plasmid DNA was isolated by the alkaline lysis method (42) or with a Midi plasmid preparation kit (Qiagen Inc., Mississauga, Ontario, Canada). Genomic DNA isolation, endonuclease digestions, ligations, and transformations were performed by standard techniques (42) .
PCR amplification and sequencing of rpoS antisense RNA. Chromosomal DNA was isolated from E. coli MC4100 (42) . PCR was used to amplify the rpoS fragments from E. coli DNA by using several rpoS-specific primers (the MOBIX lab, McMaster University, Hamilton, Ontario, Canada), as follows: a short rpoS fragment 5Ј primer (5Ј-CTTGCATTTTGAAATTCGTTACA-3Ј), a short rpoS fragment 3Ј primer (5Ј-GTGAGGCCAATTTCACGACCTA3Ј), a large rpoS antisense fragment 5Ј primer (5Ј-CTTGCATTTTGAAATTCGTTACA-3Ј), and a large rpoS antisense fragment 3Ј primer (5Ј-TTAACGACCATTCTCGGTTT TAC-3Ј).
Annealing temperatures were 5°C below the lowest melting temperature of each primer pair. PCR was performed with Taq DNA polymerase (Invitrogen) or Expand DNA polymerase (Roche Diagnostics, Laval, Quebec, Canada). The PCR products were purified with a QIAquick PCR purification kit (Qiagen Inc.) prior to further manipulation. All DNA used in cloning reactions and for probe preparation was extracted from the agarose gels with a QIAEX II DNA extraction kit (Qiagen Inc.). All amplified products were sequenced by the MOBIX lab, McMaster University. Sequences of short and large rpoS antisense fragments were aligned with the sequences from the complementary strand and analyzed by using the Gene Runner program (version 3.04; Hastings Software, Inc., Moraga, Calif.).
Construction of rpoS antisense plasmids for in vivo experiments. Following PCR amplification and purification, a 1,278-bp fragment containing 3Ј A residue overhangs was ligated with compatible overhangs into plasmid pGEM-T Easy plasmid (Promega Corporation, Madison, Wis.) overnight (4°C), and the ligation mixture was transformed into E. coli DH5␣. Transformants were selected on ampicillin (100 g/ml) plates. Plasmids were isolated from several ampicillinresistant colonies and digested with EcoRI, HincII, and AccI to confirm insertion of the fragment. The orientations of the cloned fragments were confirmed by DNA sequencing. One plasmid containing the entire 1,278-bp sequence was designated pGC2. The EcoRI fragment of pGC2 was subcloned into the expression vectors pET21 and pET22b to yield pSOPRL (pET21 background) ( Fig. 1 ) and pGC226 (pET22b background). The orientation of the rpoS gene was reversed with respect to that of the T7lac promoter on the plasmids, such that an antisense rpoS RNA is expressed in cells treated with IPTG.
Similarly, a 1,022-bp PCR fragment of DNA was ligated with compatible overhangs of plasmid pGEM-T Easy to yield pGC2a. The 1,042-bp EcoRI fragment of pGC2a was subcloned into pET21 and pET22b, resulting in pSOPR (pET21 background) ( Fig. 1 and 2) and pGC225a (pET22b background). The rpoS gene is in the reverse orientation with respect to that of the T7lac promoter. Bacterial growth and sampling conditions. Single colonies were inoculated into 5 ml of LB medium with streptomycin (50 g/ml) and ampicillin (100 g/ml) where appropriate. Cultures were incubated overnight in a shaker at 200 rpm and 37°C. The overnight cultures were diluted 1/500 in fresh LB medium. After growth to an optical density at 600 nm (OD 600 ) of 0.25, the cultures were again diluted 1/500 and grown to an OD 600 of 0.01. The cultures were then divided into two flasks; one flask served as a control, and 0.3 mM IPTG (final concentration) was added to the other flask. The cultures were grown to an OD 600 of 0.25, at which point 70 ml of the exponential-phase cells from each flask were collected. After further incubation to an OD 600 of 1.5, 25 ml of the stationary-phase cells from each flask were collected.
Probe preparation, RNA extraction, and Northern blotting analyses. To produce probes for Northern blotting, a 1,022-bp fragment of DNA corresponding to the short rpoS DNA sequence (above) was amplified from E. coli MC4100 chromosomal DNA by PCR. The PCR products were purified with a QIAquick PCR purification kit (Qiagen Inc.) and were labeled with [␣-32 P]dCTP by the random primer labeling method to generate probes with high specific activities (ϳ10 9 cpm/g of DNA). The probes were purified with ProbeQuant G-50 micro columns (Amersham Biosciences, Inc., Piscataway, N.J.).
The cells were harvested and the RNA was extracted with an RNeasy Mini kit (Qiagen Inc.). The total RNA concentration was determined by measuring the absorbance at 260 nm (42) . Following denaturing electrophoresis, the RNA was transferred to Hybond-N ϩ membranes (Amersham Pharmacia Biotech Inc., Piscataway, N.J.) by capillary action (42) and fixed by baking at 80°C for 2 h. Prehybridization and hybridization were performed at 60°C with gentle agitation. The membranes were probed with the 32 P-labeled rpoS gene. The resulting blot was exposed to X-OMAT AR film (Eastman Kodak Company, Rochester, N.Y.) or to a Storage Phosphor Screen (Molecular Dynamics Inc., Sunnyvale, Calif.) for quantitation.
Protein extraction and determination. Bacterial cell cultures were washed twice by centrifugation with 0.05 M phosphate buffer and were sonicated with a Heat Systems sonicator (Misonix Inc., Farmingdale, N.Y.) equipped with a cup horn (45) . Cell debris was removed by centrifugation at 4°C for 15 min at 12,000 ϫ g. The total protein concentration was determined by the method of Bradford (7) (Bio-Rad Laboratories, Hercules, Calif.).
Western blotting analysis. Thirty micrograms of the proteins was separated on denaturing sodium dodecyl sulfate-10% polyacrylamide gels overnight with a Vertified Slab Gel unit (model SE400; Hoefer Scientific Instruments, San Francisco, Calif.) and then transferred to a Hybond-P membrane (Amersham Pharmacia Biotech Inc.). The membranes were stained with ponceau S to confirm efficient transfer. Following transfer, the blots were placed into blocking buffer (0.5% fraction V of bovine serum albumin and 5% skim milk in 0.1% Tween 20 in Tris-buffered saline [pH 7.6] [T-TBS]) overnight. The blots were then incubated with blocking buffer containing primary antibody (anti-S antibody [polyclonal]; a gift from R. Hengge-Aronis) for 2 h at room temperature. After the blots were washed (three times with TBS-T or blocking buffer), the blots were placed in blocking buffer containing secondary antirabbit antibody (rabbit immunoglobulin and horseradish peroxidase-linked whole antibody from donkey; dilution, 1:1,000) and shaken for 1 h. The blots were again washed three times with TBS-T and incubated in 10 ml of enhanced chemiluminescence staining solution (detection reagent mixture; Amersham Pharmacia Biotech Inc.) and exposed to X-ray film (Kodak X-OMAT AR or BioMax MR film; Eastman Kodak Company) for 10 s to 10 min.
␤-Galactosidase activity assays. ␤-Galactosidase activity was assayed by using o-nitrophenyl-␤-D-galactopyranoside as the substrate (37) .
Catalase activity assays and detection. Catalase activity on agar plates was qualitatively determined by adding a drop of 30% hydrogen peroxide to a colony and observing gas evolution. Catalase activity in cell extracts was assayed spectrophotometrically (45), as follows. One milliliter of hydrogen peroxide (0.5 ml of 30% H 2 O 2 freshly diluted in 250 ml 50 mM potassium phosphate buffer [pH 7.0]) was added to 10 l of the cell extract, and the decrease in the OD 240 was monitored. The specific activity of catalase was calculated as [1,000 ϫ (OD 240 / time of incubation)]/[43.6 ϫ (milligrams of protein/milliliter of reaction mixture)] (6). To assess the catalase activity in the gels, protein samples (10 g) were loaded into a 10% nondenaturing polyacrylamide gel for electrophoresis with a Mini-PROTEAN II system (Bio-Rad Laboratories). To detect the catalase activity, the gels were stained with horseradish peroxidase-diaminobenzidine (9). To confirm equal protein loading, parallel gels were stained for protein by using Coomassie blue (42) .
Glycogen staining procedures. The levels of glycogen accumulation in the bacterial cells were tested on Kornberg medium agar plates (20, 32) in the presence or absence of 0.3 mM IPTG. The plates were inverted and placed over a 500-ml beaker containing 3.3% iodine-6.6% potassium iodide solution. The colonies were stained with the iodine vapor by heating the solution for 3 to 5 min. Colonies in which glycogen had accumulated were dark brown in color, while those with little or no glycogen production stained yellow.
RESULTS
Construction of rpoS RNA expression system in pET21 and pET22b. The DNA sequence of the rpoS gene (GenBank accession no. X16400) was used to design primers to amplify rpoS fragments. The objective was to produce an antisense RNA with properties similar to those of other recombinant antisense RNAs (35, 56) . Thus, the sequence of the rpoS antisense RNA constructed is complementary to the sequence of a region that includes the translation initiation start codon, the Shine-Dalgarno sequence, other upstream untranslated sequences, and all or part of the coding sequences ( Fig. 1) . To test if rpoS antisense RNA can inhibit the expression of rpoS and RpoSdependent genes, the rpoS PCR products were cloned into pET expression plasmids. The resulting plasmids in the antisense orientation with respect to that of the T7lac promoter were designated pSOPR (short antisense fragment in pET21 background) and pSOPRL (large antisense fragment in pET21 background) ( Fig. 1 and 2) . These plasmids were then transformed into various E. coli strains (Table 1 ) for in vivo expression of antisense RNAs. Effect of IPTG on cell growth. IPTG is normally used at a concentration of 1.0 mM for induction of protein synthesis in a pET plasmid system with the T7lac promoter, while 0.4 mM IPTG is used in a pET plasmid system carrying the plain T7 promoter (Novagen, Inc., Madison, Wis.). However, we found that concentrations of IPTG greater than 0.5 mM inhibited the growth of E. coli strains carrying pET plasmids with the T7lac promoter. To ensure that the results of the expression studies were not affected by growth inhibition, 0.3 mM IPTG was used in all experiments. At this concentration, IPTG had little effect on cell growth (data not shown).
Effect of IPTG on rpoS antisense RNA expression. To measure the effect of the IPTG concentration on rpoS antisense RNA expression, rpoS antisense RNA expressed from cultures grown with various concentrations of IPTG was probed in Northern blots. In exponential phase (Fig. 3A) , rpoS antisense mRNA was expressed from pSOPR in the presence of IPTG (lanes 14 to 18). Expression was not detectable in the absence of IPTG (lane 13) or in strains carrying control plasmid pET21 (lanes 7 to 12) or no plasmid (lanes 1 to 6). rpoS antisense RNA was also expressed in BL21DE3(pSOPR) in the presence of IPTG (lanes 19), which is a positive control. In MC4100DE3 (pSOPR) cells in stationary phase (Fig. 3B) , rpoS antisense RNA was expressed only in the presence of IPTG (lanes 14 to 18). Expression was not detectable in the absence of IPTG (lane 13). Expression in MC4100DE3 and its transformants containing control plasmid pET21 was not detectable in the absence or the presence of IPTG (lanes 1 to 12). The levels of rpoS mRNA, which is similar in size to antisense rpoS RNA encoded on pSOPR, are relatively low compared to those of the highly expressed, plasmid-derived antisense RNA, and therefore, rpoS mRNA was not detected in Northern blots under the conditions used. The optimal concentration of IPTG for induction of rpoS antisense RNA in exponential phase and stationary phase was determined to be 0.3 mM, which is below the level that inhibits cell growth.
Induction of short and large fragments of rpoS antisense RNA expression in MC4100DE3 and BL21DE3. To increase the ratio of antisense RNA to rpoS mRNA, the cultures were diluted (see above for experimental procedures) to reduce the level of background rpoS mRNA and were induced with IPTG at a very early stage of cell growth. Antisense rpoS RNA should thus be available to sequester rpoS mRNA as it is generated during cell growth. The level of antisense products expressed by the cells is high due to the high-copy-number nature of plasmid pET21 and the strong T7lac promoter.
In exponential and stationary phases ( Fig. 4A and B , respectively), expression of rpoS antisense RNA was induced by IPTG in strains carrying the antisense transcriptional plasmids. In the exponential-phase samples, the short and large fragments of rpoS antisense RNA were highly induced from antisense expression plasmids pSOPR and pSOPRL, respectively, in the presence of IPTG, as indicated on Northern blots probed with rpoS DNA. The level of short-fragment mRNA was higher than that of the large-fragment RNA, especially in MC4100DE3. In stationary phase, antisense mRNA was also transcribed (data for large-fragment mRNA are not shown for MC4100DE3). In all cases, antisense RNA levels were not detectable in the absence of IPTG. Antisense RNA was also not detectable in rpoS-positive and rpoS-negative control strains without a plasmid or strains that harbor control plasmid pET21 in the presence or absence of IPTG. The ratio of the levels of antisense RNA expressed by the cells to the levels of rpoS mRNA expressed by the cells was high. Short-fragment antisense construct pSOPR was selected for further study.
For maximal inhibition of RpoS expression, we found that antisense RNA must be induced in early exponential phase (OD 600 ϭ 0.01). In this way, antisense RNA is present in the cell before rpoS is transcriptionally activated and can thus effectively sequester rpoS mRNA before it is translated. How- on October 29, 2017 by guest http://aac.asm.org/ ever, the antisense rpoS RNA expressed from pET translational plasmid pET22b in strains BL21DE3 and MC4100DE3 (carrying pGC226 or pGC225a) did not inhibit highly RpoSdependent katE and osmY expression (data not shown). In plasmid pET22b, the short and large fragments of rpoS antisense RNA were probably translated into a chimeric protein. pET22b contains its own ribosomal binding site located downstream of the T7lac promoter. Antisense RNA-repressed RpoS protein expression. In stationary phase, RpoS protein was produced in rpoS-positive control cells (Fig. 5, lanes 9 and 10) , cells carrying control plasmid pET21 (lanes 13 and 14) , and uninduced rpoS-positive cells carrying the antisense construct (lane 15). However, when antisense RNA was expressed (following induction with IPTG), the level of RpoS protein was substantially reduced (lane 16). RpoS protein was not produced in the rpoS-negative control strain in the presence or absence of IPTG (lanes 11 and  12) . The very faint bands present below the RpoS band (lanes 9 to 15) may be due to a cross-reaction with the polyclonal anti-RpoS antibody. The levels of RpoS protein were higher in strain MC4100DE3 than in MC4100DE3(pET21). Proteins ex-pressed from control plasmid pET21 (for example, ␤-lactamase and LacI) may interfere with RpoS protein synthesis.
The ClpXP protease rapidly degrades RpoS in exponentialphase cells, resulting in extremely small amounts of this sigma factor (46) . Consistent with this, we found that in exponentialphase cultures of all strains tested (Fig. 5, lanes 1 to 8) , RpoS protein levels were too low to be detected by Western blotting.
Inhibition of RpoS-dependent osmY expression by rpoS antisense RNA. To measure the effect of rpoS antisense RNA on the expression of the highly RpoS-dependent osmY gene (27), an osmY-lacZ operon fusion was transduced into MC4100DE3. Expression of osmY during the growth of various strains (Table  1) was quantified by measuring the levels of ␤-galactosidase expression. The level of OsmY expression was reduced by approximately 50% by the addition of IPTG to cultures containing rpoS antisense RNA-expressing constructs, and OsmY was normally expressed in control cultures incubated in the absence of IPTG or in strains containing only the pET21 plasmid vector (data not shown).
Inhibition of RpoS-dependent catalase HPII expression by rpoS antisense RNA expression. E. coli catalase HPII, encoded by katE, can be used as a target protein to evaluate highly RpoS-dependent gene expression (44) . Catalase activity was examined on LB and M9 agar plates supplemented with IPTG by adding 30% hydrogen peroxide to 24-h-old colonies (45) . The lack of significant gas evolution indicated that catalase activity was reduced in antisense RNA-expressing strains in the presence of IPTG. In addition to qualitative catalase assays, catalase enzyme activity was measured to confirm the effect of rpoS antisense RNA expression on catalase expression. As shown in Fig. 6A and B , catalase activity was greatly inhibited in rpoS antisense RNA-expressing strains [compare the open bars to the filled bars for strain MC4100DE3(pSOPR)] in both exponential and stationary phases, respectively. Control strain MC4100DE3 and transformants containing the control plasmid exhibited similar levels of activity, and these were much higher than those in the antisense RNA-producing strain [compare the filled bars for strains MC4100DE3(pSOPR), MC4100DE3, and MC4100DE3(pET21)]. Expression of the HPII catalase is known to be much more dependent on RpoS than that of the HPI catalase (45) . To test whether downregulation of catalase activity in exponential and stationary phases by induced rpoS antisense RNA is due to reduced levels of FIG. 4 . Northern blot analysis of short and large fragments of rpoS antisense RNAs induced by IPTG in BL21DE3 and MC4100DE3 in exponential (A) and stationary (B) phases. Total RNA was isolated from rpoS wild-type strains BL21DE3 and MC4100DE3 and their transformants containing control plasmid pET21 and plasmids pSOPRL and pSOPR with antisense rpoS RNA. RNA was isolated from a culture grown in the absence of IPTG (Ϫ) (lanes 1 to 4 and 9 to 12) or in the presence of IPTG (ϩ) (lanes 5 to 8 and 13 to 16). The lower panels in panels A and B show that equal amounts of RNA were applied to formaldehyde-agarose gels and then transferred to Hybond-N ϩ membranes. The expression of antisense RNA was demonstrated with an rpoS-specific [␣-32 P]dCTP-labeled double-stranded DNA probe.
FIG. 5. Western blot analysis of RpoS levels in E. coli MC4100 derivatives with anti-S antiserum. Protein was extracted from cultures grown to exponential phase (OD 600 ϭ 0.25) and stationary phase (OD 600 ϭ 1.5). The polyvinylidene difluoride membrane was stained with enhanced chemiluminescence staining solution and exposed to X-OMAT film (Eastman Kodak Company).
VOL. 47, 2003 rpoS ANTISENSE INHIBITION OF RpoS FUNCTION 3489 on October 29, 2017 by guest http://aac.asm.org/ expression of the RpoS-dependent catalase HPII, the levels of HPII and HPI were assessed by nondenaturing polyacrylamide gel electrophoresis, followed by catalase staining. In strains expressing rpoS [MC4100DE3, MC4100DE3(pET21), and MC4100DE3(pSOPR)], the level of HPII expression was normal: the levels were low in exponential-phase cultures and high in stationary-phase cultures ( Fig. 7A and B, respectively) . As expected, induction of rpoS antisense RNA inhibited RpoSdependent HPII expression in stationary phase (Fig. 7B, lane  8) , although HPII was not present in exponential phase in any sample in native catalase gels (Fig. 7A) . Inhibition of glycogen accumulation by rpoS antisense RNA. Glycogen accumulation is stimulated by RpoS during entry into stationary phase (20, 32) , as expression of glgS is entirely dependent on RpoS in vivo in E. coli. RpoS-deficient mutants do not produce GlgS, and overexpression of glgS stimulates higher levels of glycogen synthesis in early stationary phase (20) . Glycogen accumulation in bacterial colonies can be visualized on Kornberg medium, a nitrogen-limited, glucose-rich medium (20, 41) , by a dark brown stain in the presence of iodine; when little or no glycogen is present the colonies are yellow in color (32) . As expected, MC4100DE3 cells (rpoS positive) accumulated glycogen, while RpoS-deficient mutants (HS1600DE3) did not (Fig. 8A ). However, induced RpoS antisense RNA expression reduced the level of glycogen synthesis, resulting in yellow colonies following iodine staining (Fig.  8B) .
DISCUSSION
During the last decade, antisense RNA research has focused on increasing the efficiency of antisense RNA, manipulating cell metabolic pathways, and investigating unknown gene functions when gene disruption is not possible under certain conditions (8) . The use of antisense RNA to attenuate gene expression has several advantages over gene inactivation: lethal mutations in essential genes can be avoided, genes can be inactivated when homologous recombination is weak (8) , and antisense RNA expression is controllable (59) . Therefore, proteins can be transiently downregulated. Regulation of RpoS through plasmid-encoded rpoS antisense RNA can help us understand the bacterial pathogenesis and environmental adaptation responses. RpoS plays an important role in pathogenicity in enterobacteria and is induced under stress conditions. For example, RpoS is required for the virulence that is dependent on spvABCD by Salmonella enterica serovar Typhimurium in a mouse model (10, 11, 26) . RpoS is also required for the maintenance of chronic lung infection with Pseudomonas aeruginosa in a rat model (52) . In addition, RpoS controls potential antimicrobial agent and drug efflux operon yhiUV in E. coli (39, 43) .
By reducing the level of expression of transcriptional regu- lator RpoS with controllable antisense RNA during bacterial infection, expression of a number of RpoS-dependent genes would be prevented. Control of expression of RpoS-dependent genes by antisense RNA may offer a good model for the regulation of RpoS translation and could provide a new tool with which bacterial infection processes can be studied. One limitation of this study is that high-copy-number plasmid pET21 may have an effect on E. coli cell growth and the expression of rpoS. Future work will include insertion of the rpoS antisense RNA construct in a low-copy-number plasmid or as a single copy in the host chromosome.
Expression of antisense RNA from a multicopy plasmid resulting in reduced levels of mRNA translation has been successfully used in previous studies. Introduction of a marA antisense RNA-expressing plasmid into E. coli cells carrying a marORA-lacZ fusion reduces the level of lacZ expression and subsequently increases the level of multiple-antibiotic susceptibility. Furthermore, the antisense RNA that most efficiently represses expression of marORA is complementary to a region encompassing 20 bases of untranslated sequence upstream of marR, the AUG initiation codon, and 92 bases of marA-coding sequences (58) , indicating that sequestration of mRNA control sequences can ablate translation. In S. aureus, expression of an antisense hla RNA from a plasmid reduces the level of alphatoxin virulence up to 17-fold relative to that of the wild-type strain carrying a control plasmid and, as a consequence, eliminates lethality in a mouse model (22, 24) . In this study, the levels of RpoS-dependent catalase HPII expression and glycogen accumulation were dramatically decreased in antisense RNA-expressing cells compared to those in cells that did not express rpoS antisense RNA. This suggests that antisense technology can be used successfully to reduce the levels of a transcriptional regulator and, consequently, attenuate expression of a downstream target. An rpoS antisense RNA is complementary to a region that includes the 5Ј untranslated region (93 bases) and part of the coding region of rpoS (907 bases), while another one is complementary to a region that includes the 5Ј untranslated region (93 bases) and all of the coding region of rpoS with the 156-bp transcription termination sequence. Expression of antisense RNA was sufficient to inhibit rpoS gene expression. The construct carrying the antisense sequence spanning the 5Ј untranslated region and a part of the coding region of rpoS mRNA was found to be the most effective in attenuating the expression of the rpoS gene (data not shown).
Several natural antisense RNA regulators of rpoS gene expression and the resulting phenotypes have been identified in E. coli. In many case their modes of action have been described. OxyS RNA represses rpoS translation by preventing RNA-binding protein Hfq from activating rpoS translation (61) . OxyS RNA is proposed to bind to Hfq protein through an A-rich linker region between two stem-loops in OxyS RNA (61), thereby preventing formation of a translationally active complex with rpoS mRNA (19) . OxyS represses osmotic induction of RpoS in strains carrying rpoS-lacZ translational fusions treated with high salt concentrations (61) . OxyS also represses transcriptional activator FhlA by binding to the Shine-Dalgarno sequence or the coding region of fhlA, resulting in stable sense-antisense complex (1, 2) . DsrA stimulates rpoS translation at a low temperature (20°C) (30) by stabilizing rpoS mRNA (48) . A stem-loop of DsrA binds to the 5Ј untranslated leader sequence of rpoS mRNA just before the translation initiation site, resulting in increased RpoS protein levels (31, 35) . DsrA RNA acts in trans by RNA-RNA interactions with rpoS mRNA (30) . Hfq is important for DsrA-activated regulation of rpoS (49) .
We propose the following model to explain rpoS antisense RNA repression of rpoS mRNA translation. The ratio of the amount of rpoS antisense RNA expressed from the high-copynumber plasmid to the amount of rpoS mRNA generated from the chromosome is very high. Thus, antisense RNA is sufficient to bind to the sense rpoS RNA strand and produce a doublestranded RNA molecule. The double-stranded RNA molecule is degraded by RNases (21) . The 5Ј untranslated region of the rpoS mRNA is self-complementary, forming a secondary structure (12, 34, 35) which is inaccessible to ribosomes and which therefore blocks translation of the rpoS mRNA into the RpoS protein. Induced expression of rpoS antisense RNA inhibits the expression of rpoS and RpoS-dependent genes such as katE and glgS by binding to rpoS mRNA and inhibiting translation, thereby ablating synthesis of the RNA polymerase sigma factor required for RpoS-dependent gene transcription.
